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The fungal parasitoid, Hirsutella minnesotensis, is a dominant parasitoid of the soybean cyst nematode,
which is a destruction pest of soybean crops. We investigated population structure and parasitism pattern
in samples ofH.minnesotensis in China to reveal the spreading pattern of this fungal species and the under-
lying mechanism generating the parasitization-related ability variability in Chinese population. In cross-
inoculation experiments using different combinations of H. minnesotensis and soybean cyst nematode
samples from China, mostH. minnesotensis isolates ﬁtted the criterion for ‘‘local versus foreign’’ parasitism
proﬁle, exhibiting local adaptation pattern to the SCN host. However, the genetic analysis of the single
nucleotide polymorphisms with clone-corrected samples based on ten DNA fragments in 56 isolates of
H. minnesotensis from China revealed that the Chinese H. minnesotensis population was a clonal lineage
that underwent a founder event. The results demonstrated that the Chinese H. minnesotensis population
had generated parasitization-related ability diversity after a founder event through individual variation
or phenotypic plasticity other than local adaptation. The rapid divergence of parasitization-related abil-
ities with simple genetic structure in Chinese H. minnesotensis population indicates a fundamental poten-
tial for the establishment of invasive fungal species, which is a prerequisite for biological control agents.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction for successful colonization and subsequent evolution (MatesanzThe geographical distribution of an organism is determined by
many factors, mainly biological characteristics of the organism,
geographical barriers, and availability of dispersal means including
human activities (MacArthur, 1984). With the rapid increase of
global human activities in past centuries, such as regional and glob-
al transportations of animal and plant products, many species have
rapidly increased their geographic range, which may have dra-
matically changed the ecosystems and their services in the planet.
The populations introduced into novel environments may show a
pattern with different ﬁtness peaks for the same species within var-
ious geographic ranges, which is called local adaptation (Kawecki
and Ebert, 2004). For invasive species, local adaptation is importantet al., 2012). However, in most theories regarding invasive species,
the founding population represents a small fraction of the genetic
variants of the source population, which is assumed to undergo a
founder effect that limits subsequent evolution in the new
environment (Barton and Charlesworth, 1984; Nei et al., 1975).
To evaluate founder effects on genetic diversity within intro-
duced populations, literature survey on the proportional losses of
variation in expected heterozygosity and the mean number of alle-
les per locus for 80 species, including 18 plants, two fungi, and 60
animals indicated that introduced populations experienced losses
of genetic variation (Dlugosch and Parke, 2008). Practical applica-
tion of the theory of local adaptation is restricted by low genetic
diversity that signiﬁcantly limits the adaptive evolution of an inva-
sive species, especially in the use of introduced natural enemies for
biological control. Only 16% of biological-control introductions
attempted in the past 120 years have resulted in an established
population and the successful long-term control of the target pest.
But invasive populations of the Canary Island St John’s wort,
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ranean climate exhibited rapid evolution, despite a strong founder
effect (Sax et al., 2007). This report revealed that a founding
population with a simple genetic structure could be capable of
achieving evolution as well (Nei et al., 1975). To date, most studies
on the evolution of invasive species have focused on animals and
plants (Dlugosch and Parke, 2008). Species diversity of fungi is
highly abundant, which is just lower than insects, including many
important plant pathogens, however, studies of the evolution of
invasive fungal species are scant. Nascent fungal infections can sig-
niﬁcantly reduce biodiversity, with wider implications for human
health and ecosystem conservation (Fisher et al., 2012). Previous
studies have suggested that fungal parasites and their host systems
might be better models for studying the local adaptation of inva-
sive species (Morand et al., 1996; Kaltz and Skykoff, 1998). Studies
of evolutionary events in invasive fungal populations, especially
those driven by interactions between hosts and parasites have
drawn much attention during the last decade (Capelle and
Neema, 2005).
The soybean cyst nematode (SCN), Heterodera glycines, is an
important soybean pest that is thought to have originated in China,
and was introduced to a number of countries through exportation,
including Korea, Japan, USA, Columbia, Canada, Brazil, Argentina,
Russia, and Indonesia (Wang et al., 2004). This soybean pathogen
will cause several million dollar loss every year around world. Hir-
sutella minnesotensis (Hm) is the dominant pathogen of second-
stage juveniles (J2) of SCN (Ma et al., 2005; Chen et al., 2000;
Balazy et al., 2008). This fungus produces conidia that attach to
the cuticle of passing hosts. Hyphae that develop from the germi-
nating conidia penetrate the host cuticle, and consume the con-
tents of host, ultimately killing it (Chen et al., 2000). Teleomorph
has not been detected within Hm lifecycle under natural and
laboratory conditions, which makes the asexual reproduction of
Hm link tightly to its parasitism ability. In natural crop ﬁelds,
Hm was found only on SCN in spite of existence of numerous other
nematodes (Ma et al., 2005; Liu and Chen, 2001). However, labora-
tory tests demonstrated that Hm is able to infect various nema-
todes including other species of plant-parasitic nematodes,
fungal-feeding, and bacterial-feeding nematodes (Liu and Chen,
2001). In greenhouse and ﬁeld studies, Hm has shown great poten-
tial as a biological control species against the SCN, and signiﬁcantly
suppress SCN populations in ﬁelds (Chen and Liu, 2005). Hm has a
greatest potential to multiply and control nematodes in soil
between 10 C and 20 C, limiting the distribution of Hm to
relatively cooler areas (Xiang et al., 2010).
A preliminary analysis of the sequences of the rDNA ITS region
and mitogen-activated protein kinase (MAPK) gene of Hm revealed
that isolates from China and from USA formed two distinct phylo-
genetic groups and the USA isolates were more divergent (Xiang
et al., 2007). Other studies have indicated that Hm was a dominant
pathogen of J2 SCNs in Northeastern and Northern China (Ma et al.,
2005) and the parasitism rates of SCN by Hm varied greatly among
isolates from different regions in China (Xiang et al., 2007). There-
fore, we hypothesized that Hm has undergone local adaptation to
the genetically diverse SCN populations in the soybean ﬁelds in
China and attempted to clarify the origin of Hm in China with
the USA population as reference. Subsequently, we conducted the
cross-inoculation experiments to compare parasitism rates in dif-
ferent combinations of Hm isolates and SCN samples from China
to illustrate whether Hm underwent local adaptation in China.
We also analyzed single nucleotide polymorphisms (SNPs) to
examine the genetic structure of Hm in China with samples from
USA as reference, and to determine the route of spread to China.
We conclude that Hm is an invasive species in China and has gone
through a founder effect, however, restricted by sampling sites, we
cannot clearly locate the origin sites of Hm; moreover, our presentresults show that the present pattern in parasitism proﬁle should
be a process of ecological ﬁtting resulted from individual variation
or phenotypic plasticity other than local adaptation.2. Material and methods
2.1. Sample collection, nematode preparation, and fungi isolation
Extensive surveys of fungi colonizing J2 SCNs in China were
conducted from 2006 to 2009. At least 10 soil cores were collected
from the soybean rhizosphere at a depth of 5–20 cm in a zigzag
pattern in each ﬁeld, and pooled to make an approximately
500 cm3 composite soil sample. However, Hm were not isolated
from all the soil samples. Details of the sampling sites for isolates
used in the following experiments are provided in Table S1. The
SCN were collected from soybean ﬁelds Jiamusi, Heilongjiang; Jixi,
Heilongjiang; Changping, Beijing; and Handan, Hebei, and were
cultured on Zhonghuang soybean cultivar in sterilized soil in a
greenhouse.
Newly formed females and cysts were extracted from the soil
by sucrose ﬂotation and centrifugation (Jenkins, 1964). Eggs were
released from the cysts by breaking them in a 40-mL glass tissue
grinder and separated from the debris by centrifugation in a 35%
(w/v) sucrose solution for 3 min at 1500g. Eggs were rinsed with
deionized water, and incubated in 4 mM ZnCl2 at 22–25 C for
hatching. J2s were collected within two days of hatching, and
rinsed with sterile deionized water.
Direct and baiting methods were used to isolate fungal patho-
gens from the J2 SCNs, and to estimate the rates at which Hm
infected SCN collected from different soybean ﬁelds. In the direct
method, naturally occurring J2s in the soil were extracted by
sucrose ﬂotation and centrifugation (Jenkins, 1964), and trans-
ferred to 6-well tissue culture plates for examination using an
inverted microscope at 100 to 400magniﬁcation. In the baiting
method, 3000 fungus-free, healthy J2s cultured in the lab were
added to the surface of 100 g of ﬁeld soil in a 250-mL ﬂask. The
ﬂasks were covered with aluminum foil, and kept at room tem-
perature for two weeks. The nematodes were extracted, and exam-
ined for fungi. For each sample, ten infected J2s were collected, and
rinsed twice with sterilized water. The J2s were reared on Difco
potato dextrose agar (PDA) plates for two weeks at 25 C. The fungi
that grew from the J2s were isolated, and identiﬁed based on mor-
phology (Ma et al., 2005; Chen et al., 2000) and the rDNA ITS
sequences (Xiang et al., 2007).2.2. Cross-inoculation experiment
Hm samples and SCN samples selected were shown in Table S2.
For each Hm sample, cross-inoculation experiments were conduct-
ed against the four SCN samples, including three samples from Hm
epidemic areas and one sample from Hm free area. And each geo-
graphic combination was conducted with three different Hm iso-
lates from the same area represented by four replicates. Fungal
isolates were inoculated on a cellophane membrane on PDA. After
two weeks at 25 C, the colonies on the cellophane membrane
were placed in sterile water, and shaken to remove spores from
the conidiophores. The spore suspension was passed through a
sieve with 25-lm openings, and the spores in the ﬁltrate were
adjusted to a concentration of 2  106 mL1. A 0.2-mL aliquot
of each spore suspension was spread onto each of the four replicat-
ed meal agar (Difco) plates and incubated at 25 C for 14 days. A
0.1-mL aliquot of the J2 suspension containing approximately
300 newly hatched J2s was added to each fungal culture, and incu-
bated for three days. The J2s were rinsed from the plates using 0.1%
Tween-20, and examined using an inverted microscope. The
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adherent spores was determined as being parasitized. Multiple
comparisons of parasitism rate based on Duncan test were con-
ducted using the SPSS, version 19.0, (IBM, Armonk, NY, USA) and
the signiﬁcant level was 0.05.
The parasitism of J2s is an important component of ﬁtness for
Hm because the parasitism of nematodes results in Hm asexual
reproduction and Hm lacks teleomorph both in natural and lab
conditions. The diagnostic criterion ‘‘local versus foreign’’ were
used to identify a local adaptation pattern (Kawecki and Ebert,
2004) for the Hm strains and SCN samples from Hm epidemic
areas. We have also tested another criterion ‘‘home versus away’’
for identifying local adaptation, the results also supported the local
adaptation process of Hm in China to different SCN samples
(unpublished data). However, because it is biased by host quality,
the home versus away criterion is poorly informative regarding
the host adaptation situation in the present study.2.3. Molecular markers development, DNA extraction, PCR and
sequencing
The novel neutral SNP markers were developed using a random
shotgun genomic library constructed from the USA-SV133-1(M)
isolate collected in Minnesota, USA. The genomic DNA was extract-
ed, and partially digested using the Sau3AI restriction enzyme at
37 C for 10 min. The digested DNAwas separated by electrophore-
sis in a 1% agarose gel. The 500- to 2000-bp fragments were recov-
ered using the EZNA Gel Extraction kit (Omega Biotech, Norcross,
GA, USA), and ligated into the pHSG399 plasmid. The ligation pro-
duct was used for the transformation of DH5a Escherichia coli. The
positive clones were selected using a polymerase chain reaction
(PCR)-based colony screening method. The plasmid DNA from
300 randomly selected positive clones was extracted and
sequenced. More than 100 oligonucleotide primers were designed
to amplify 500- to 600-bp fragments using PCR. The functionality
of the primer pairs was conﬁrmed using the USA-SV133-1(M)
genomic DNA. However, only seven of all the primer pairs could
generate productions for all the isolates.
A total of 70 Hm isolates China and USA were used in this study.
Among all the isolates, 56 isolates were from China and 14 isolates
as reference for the analysis of nucleotide diversity were from USA
(Table S3). Genomic DNA was extracted from the pure cultures of
fungal isolates. Three commonly used molecular markers for fungi:
the rDNA internal transcribed spacer (ITS) region, including ITS1-
5.8s-ITS2, MAPK gene, and b-tubulin, and seven neutral primers
newly designed in the last procedure were selected, and annealing
temperatures of each pair were shown in Table S4. The PCR prod-
ucts were puriﬁed using the 3S PCR Product Puriﬁcation Kit (Shen-
ergy Biocolor BioScience, Shanghai, China) and sequenced by
Omega Genetics (Beijing, China). Polymorphic sites were identiﬁed
using the DnaSP, version 5.10.01 (Librado and Rozas, 2009), and
only parsimony informative sites in sequences were selected as
SNP sites. And based on the peak maps of the sequencing, all of
the ten fragments were single-copied with the genome of Hm.2.4. Analysis of population genetics
Sequences were aligned and manually edited using BioEdit
(Hall, 1999). A non-rooted maximum-likelihood (ML) phylogenetic
tree was constructed for the 70 Hm isolates (Table S3) based on a
concatenated database of the ten fragments. The bootstrap value
was calculated using the PhyML, version 3.1, with 1000 bootstraps
(Guindon and Gascuel, 2003). The population structure inference
was obtained using the Bayesian clustering method in the
STRUCTURE, version 2.3.2, with clone-corrected samples: in aclone-corrected sample database, only one isolate from each mul-
tilocus genotype of each population sample was taken (Pritchard
et al., 2000; Xu et al., 1999). The number of population clusters
(K) was initially estimated by the method proposed by Evanno
(Evanno et al., 2005). The XMFA2Struct software (http://www.
xavierdidelot.xtreemhost.com/index.htm) was used to format the
nucleotide sequence data for STRUCTURE.
For the following analyses, only Hm geographic samples with
more than three isolates were enrolled. The Wright F-statistic
(Wright, 1968) was calculated to analyze the genetic variation
between population pairs, as described previously (Weir and
Cockerham, 1984; Cockerham and Weir, 1993) using the Arlequin,
version 3.4.1.2 (Excofﬁer and Lischer, 2010). Moreover, gene ﬂow
or the effective number of migrants per generation (Nm) between
each pair of Hm subpopulations in both countries was estimated
according to formula: Nm = 1/2[(1/FST)  1].
The BOTTLENECK, version 1.2.02 (Cornuet and Luikart, 1996) was
used to test whether a founder effect had inﬂuenced the observed
patterns of SNPs in the Hm populations from China and USA. More-
over, clone-corrected process was carried out for founder effect
analysis as described above. Sequence data was translated into
digital data according to the method used for microsatellite data.
The inﬁnite allele model (IAM), the stepwise mutation model
(SMM), and the two-phased model (TPM) were used for the analy-
sis of excess heterozygosity (Maruyama and Fuerst, 1985; Garza
and Williamson, 2001). We used a 70% proportion of the SMM
and a variance of 10 for the TPM. Statistically signiﬁcant excess
heterozygosity at equilibrium was determined using the Wilcoxon
signed-rank test with 1000 iterations (Luikart and Cornuet, 1998).
The allele frequency distribution curve for each population was
described using the same approach. A mode shift in the allele fre-
quency curve indicates a recent decrease in the population size.
The Tajima’s D (TD)-value was calculated using the DnaSP pro-
gram (Tajima, 1983). For each population sample, the number of
segregating sites, the number of haplotypes, and the p and hw mea-
sures of nucleotide diversity were calculated with clone-corrected
samples (Tajima, 1983; Watterson, 1975). The Nei’s haplotype
diversity (Hd) was also calculated before sample clone-corrected.
The value of p indicates the average number of pairwise nucleotide
differences in a set of DNA sequences, and the value of hw repre-
sents an estimate of the total number of segregating sites in a set
of DNA sequences.
3. Results
3.1. Geographic distribution of Hm in China
The distribution of the 70 Hm isolates in China and USA was
show in Fig. 1. In China, Hm was identiﬁed primarily in the north-
eastern soybean producing areas, including the Heilongjiang and
Jilin provinces and northeastern Inner Mongolia. In addition, Hm
was the most prominent parasitic fungus of J2 SCNs in Northeast-
ern China compared with other fungi, with infected J2 SCNs detect-
ed in 27 of 53 soil samples (unpublished data).
3.2. Parasitism rate of cross-inoculation experiment
The parasitism rate of Hmwas much higher for the SCN samples
collected from areas in which the fungus was not endemic (Tables
S5 and S6; P < 0.05), suggesting that resistance to Hm may have
developed in SCN populations in areas where the fungus is endem-
ic. The parasitism rate for the SCN samples from Beijing was higher
using the local Beijing isolates of Hm than that observed using the
foreign Hm isolates, and the parasitism rate for the SCN samples
from Jixi, Heilongjiang was similar between the local and foreign
Hm isolates, and the parasitism rate for the SCN samples from
MHLBE
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Fig. 1. Geographic distribution of the 70 Hm isolates in China and USA. HLBE = Hulunbeier; TL = Tongliao; JMS = Jiamusi; JX = Jixi; QQHE = Qiqihaer; HH = Heihe; SH = Suihua;
CC = Changchun; TH = Tonghua; YJ = Yanji; BJ = Beijing; XX = Xinxiang; HB = Huaibei; ZB = Zibo; M = Minnesota; C = California. N Hm epidemic.
Table 1
Statistical analysis corresponding to the local versus foreign comparison with Hm and SCN samples from Hm epidemic areas.
Multiple comparisons of parasitism rate Test-statistics of ANOVA
SCN sample Hm sample Parasitism rate (%) Sum of squares df Mean square F
Beijing Beijing 83.26 ± 4.39 Between group 843.427 2 421.713 10.648**
Heilongjiang Jixi 71.49 ± 8.97a Within group 1306.946 33 39.604
Heilongjiang Jiamusi 78.61 ± 4.36a,b Total 2150.373 35
Heilongjiang Jixi Beijing 78.05 ± 3.58 Between group 117.403 2 58.702 2.202
Heilongjiang Jixi 74.45 ± 5.72 Within group 879.603 33 26.655
Heilongjiang Jiamusi 74.03 ± 5.86 Total 997.006 35
Heilongjiang Jiamusi Beijing 70.16 ± 6.44 Between group 613.248 2 306.624 8.102**
Heilongjiang Jixi 70.65 ± 6.81 Within group 1248.852 33 37.844
Heilongjiang Jiamusi 79.15 ± 5.06a,b Total 1862.100 35
a Signiﬁcantly different from Hm sample in Beijing, P < 0.01.
b Signﬁcanlty different from Hm sample in Heilongjiang Jixi, P < 0.01.
** P < 0.01.
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than that observed using the foreign isolates (Table 1). Although
the cross-inoculation results were not all statistically signiﬁcant,
most Hm isolates ﬁt the criterion local versus foreign.
3.3. Genetic structure of Hm populations
The DNA sequences were deposited in GenBank (http://www.
ncbi.nlm.nih.gov/) (Table S7). A dataset of sequences approximate-
ly 323 kb in size, including 10 DNA regions in the 70 Hm isolates,
was analyzed. The average density of SNPs was one SNP every
24.04 bp. In the ML tree, a strong bootstrap support was detected
(100%) for the clade that contained most of the isolates from USA
(13 isolates) whereas the clade containing most of the isolates
from China (55 isolates) had low support value (68%), and the boot-
strap values of the nodes within Chinese Hm population were even
lower than 10% which was not shown in Fig. 2, implying a highdegree of similarity among the sequences in Chinese Hm popula-
tion (Fig. 2). The results indicated that most isolates clustered into
two distinct groups, each corresponding to either China or USA
(Fig. 2). According to the DK index calculated by STRUCTURE, only
one mode was obtained when K = 2 (Fig. S1). Most isolates were
assigned to either the China or the USA genetic cluster. This result
indicated that a genetic discontinuity existed between the Hm
populations in China and USA, which was identical with the result
of ML tree. Increasing the number of putative clusters did not high-
light any further genetic structuring (Fig. 3).
Very large, signiﬁcant differences in locus frequencies between
the isolates from China and those from USA were found, with an
overall FST of 0.935 (P < 0.01). At the subpopulation level, the Min-
nesota sample was genetically differentiated from all of the sam-
ples in China (FST from 0.792 to 0.896, P < 0.01), but pairwise
comparisons of FST and Nm indicated the absence of genetic diver-
gence among the Chinese samples (Table 2).
Fig. 2. The ML phylogenetic trees calculated with 1000 bootstraps based on sequences of 70 Hm isolates.  Samples from China; s samples from USA.
1.0
0.4
0.2
0.6
0.8
0.2
0.4
0.6
0.8
1.0
0.0
0.0
China The USA
The USAChina
A
B
Fig. 3. Population structure of Hm based on the STRUCTURE analysis with clone-corrected samples. cluster 1: Most of the Chinese isolates and USA-ARSEF2799(C);
cluster 2: Most of the USA isolates; cluster 3: USA-SV133-1(M), USA-SV133-2(M), CN-HLJ07-1-7(QQHE), and CN-SCN09-27-2(SH). (A) K = 2; (B) K = 3.
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either the Chinese or the USA population with the pooled samples
(all the samples from one country). However, with a clone-correct-
ed database, the Chinese population exhibited a signiﬁcant mode
shift in allele frequency; at the subpopulation (sample) level, all
the samples in China demonstrated mode shift in the comparison
of the locus frequency and the class of loci (Fig. 4). Although sig-
niﬁcant excess heterozygosity was observed for some loci, the
overall value for both the pooled samples did not signiﬁcantly
deviate from the demographic equilibrium model.The TD-value of the Chinese population of the pooled sample
was signiﬁcantly negative, indicating a historical expansion in
population size recently. The TD-values of the individual samples
(samples from a certain sampling site) in China and the USA
population were negative, but statistically insigniﬁcant (Fig. 4).
As indicated by p, hw, and average number of nucleotide difference,
the USA population of Hm were much more diverse than that in
China (Table 3). Although more isolates were collected from a larg-
er geographic area in China, all estimates of genetic polymorphism
among the Chinese population were much smaller than those for
Table 2
Population pairwise FST values (above diagonal) and number of effective migrant, as estimated by Nm (below diagonal) of Hm samples from different geographical areas.
M JMS BJ JX YJ HLBE QQHE SH
M – 0.896** 0.793** 0.852** 0.852** 0.785** 0.835** 0.792**
JMS 0.058 – 0.123 0.050 0.010 0.253 0.042 0.070
BJ 0.131 3.565 – 0.342 N/A N/A 0.023 0.000
JX 0.087 9.500 0.962 – 0.032 0.104* N/A 0.059
YJ 0.087 49.500 N/A 15.125 – 0.056 N/A N/A
HLBE 0.137 1.476 N/A 4.308 8.429 – 0.017 N/A
QQHE 0.099 11.404 21.239 N/A N/A 28.912 – N/A
SH 0.131 6.643 N/A 7.975 N/A N/A N/A –
M = Minnesota; JMS = Jiamusi; BJ = Beijing; JX = Jixi; YJ = Yanji; HLBE = Hulunbeier; QQHE = Qiqihaer; SH = Suihua;
‘‘N/A’’, negative FST and Nm values.
* P < 0.05.
** P < 0.01.
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order between the two countries (Table 3). The Hd values before
sample clone-corrected were 0.724 for the Chinese population
and 1.000 for the USA population. However, the Hd values were
poorly informative because of the signiﬁcant difference in sample
sizes between the China and USA.4. Discussion
4.1. Parasitism proﬁle of Hm to SCN in China
Local interactions are considered central to co-evolution, which
is often manifested as local adaptation in host-parasite systems,
such as those involving plants and fungi (Capelle and Neema,
2005), snails and trematodes (Lively and Jokela, 1996), and crus-
taceans and bacteria (Ebert, 1994). Comparisons of local versus for-
eign combination are diagnostic requirements for identifying local
adaptation. This criterion is directly relevant to the divergent nat-
ural selection, which is the driving force of local adaptation and
acts on genetic differences in relative ﬁtness within each habitat
(Kawecki and Ebert, 2004).
We have observed greater Hm susceptibility among the SCN
samples from areas in China without endemic Hm infestation
(Tables S5 and S6). According to our previous work, the Chinese
SCN population has a high genetic diversity level (unpublished
data), which would offer chances for SCN from different areas to
respond discrepantly to Hm isolates. But in host-parasite system,
the parasite is assumed to have the higher evolutionary potential
because it usually has higher reproduction rate. Generally, Hm takes
four days since inoculation to produce new spores on PDA plate and
ca. 200 h since adhesion and penetration to grow out and produce
new spores against SCN juvenile (unpublished data), while SCN
takes about one month for one generation, which has led to the
assumption that local adaptation of parasites to hosts precedes local
adaptation of the hosts to the parasites (Hamilton et al., 1990).
In cross-inoculation experiments, the sympatric Hm parasitism
rates were higher than those for allopatric Hm isolates. Although
the cross-inoculation results were not all statistically signiﬁcant,
the result inferred that the existence of divergent selection within
China Hm population regarding the parasitization-related ability.
This pattern might offer some evidence of adaption of the Chinese
Hm population to local SCN samples. However, local adaptation
refers to the phenotype divergence with genetics basis, a meta-
population shows a pattern of differentiation in phenotypes pre-
dicted by local adaptation may fail to produce genetic differen-
tiation for ﬁtness traits because of too much gene ﬂow, lack of
divergent selection, which favors generalist genotypes. So the ana-
lyses based on genetic database were required to further elucidate
the underlying mechanism generating the divergence of parasitiza-
tion-related abilities in Chinese Hm population.4.2. Genetic structure of Hm populations and founder effect in the
Chinese Hm population
Two distinct genetic clusters corresponding to the Chinese and
the USA populations were found based on the ML tree, STRUCTURE
analysis, and pairwise FST comparisons (Figs. 2 and 3; Table 2). Pri-
marily, the founder effect was not strongly supported by the BOTTLE-
NECK analysis for the pooled samples from China. But with a clone-
corrected database, the Chinese Hm population showed a sig-
niﬁcant mode shift in allele frequency. The negative TD-value of
the Chinese Hm population indicates that the pooled sample is
undergoing demographic expansion (Fig. 4). The results above
indicated the expansion of the Chinese Hm population was an out-
come after a recent founder effect.
Although more Hm isolates were collected from a larger geo-
graphic area in China, the p, hw, and average nucleotide difference
for the Chinese samples were signiﬁcantly smaller than those for
the USA samples (Table 3); the haplotype number was similar
between the two populations. The lack of a natural teleomorph
of Hm combined with both low nucleotide diversity indices and
low average nucleotide difference suggests that the Chinese
population represents a clonal lineage.
Except for an excess of heterozygosity in an introduced popula-
tion (Nei et al., 1975; Cornuet and Luikart, 1996), low genetic
diversity can be taken as a diagnostic criterion for introduced
populations as well (Dlugosch and Parke, 2008; Hawley et al.,
2006). The nucleotide diversity analysis suggested that Hm invad-
ed Northeastern China by a single-step introduction of a small
number of founders, which represented a homogeneous fraction
of the genetic variants in the source population. Along with the
high level of diversity detected in the USA population, it is possible
that the USA population was the source of the Hm founders intro-
duced to China. However, our conclusion may have been confound-
ed by insufﬁcient sampling of the USA populations. Nevertheless,
we believe future investigations using more numbers of the USA
isolates from a larger geographic area will reveal a clear relation-
ship between China and USA Hm isolates based on phylogenetic
tree and STRUCTURE analyses.
The rapid increase of global transportations of animal and plant
products around the world in past centuries has increase the distri-
bution range of many species. Although the likelihood of transmis-
sion and successful establishment of Hm by such means is low, the
increasing amount of trading goods imported to China might have
allowed the introduction of a single genotype from abroad. Once
introduced, the Chinese population of Hm might have rapidly
spread through the use of machinery contaminated with the soil-
borne fungus and became the dominant pathogen of the J2 SCNs
in Northeastern China in a relatively short period. The homogenous
genetic background of the Chinese population of Hm reveals the
possibility that the fungus was recently introduced.
JMS
JX
China USA
HLBE
QQHE
YJ China, clone-corrected
Fig. 4. Statistical analysis of the demographic model-ﬁtting of subpopulations and pooled samples from China and USA. The line graphs represent allele frequency
distribution curves [dotted lines: mode shift (evidence for population bottleneck); solid lines: L-shaped (evidence for demographic equilibrium)] and the bars on the right
represent the Tajima’s D-values (⁄statistically signiﬁcant).
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in Chinese Hm population following a founding event
Previous studies have suggested that a reduced level of genetic
variation in founding populations can greatly restrict local adapta-
tion (Cornuet and Luikart, 1996). Other theories also infer that
locally adaptive evolution should result in genetically based phe-
notypic differences among geographically separated samples, withdifferences in physiological and biochemical characteristics and
patterns of gene expression underlying the phenotypic diversity
(Kawecki and Ebert, 2004). The results of the population genetics
analysis and the cross-inoculation experiments suggest that the
Hm samples in China exhibits a parasitism proﬁle which is predict-
ed by local adaptation to the local SCN samples after a signiﬁcant
founder event. Nevertheless, the molecular markers employed in
our study have not detected genetic variation corresponding to
Table 3
Summary statistics of the genetic polymorphisms in the populations of Hm in China
and the USA with clone-corrected samples.
Source of
isolates
Number
of isolates
Number of
haplotypes
Number of
nucleotide
differences
Nucleotide
diversity
induces
p hw
China 56 17 11.949 0.0026 0.0055
USA 14 14 37.907 0.0083 0.0123
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Although the parasitization-related ability is a complicated trait
which cannot be easily related to genetic basis (Zhang et al.,
2001; Wang et al., 2007; Wang and ST. Leger, 2007), it is more like-
ly the parasitism proﬁle detected in cross-inoculation experiment
was attributed to the ecological ﬁtting resulted from individual
variation or phenotypic plasticity other than local adaptation.
Even without a local adaptation process, the invading popula-
tion of Hm still overcame the inﬂuences of the founder effect and
establish the colonization through some unique mechanisms: (1)
fungi can utilize multiple types of nutrition and will be less affect-
ed by the lack of resource than more advanced organisms. These
traits offer fungal invaders more opportunities to colonize in new
environments. The results of our ﬁeld investigation suggest that
Hm did not signiﬁcantly reduce the ﬁtness of the SCN samples dur-
ing the early stages of invasion, which is indicated by the low para-
sitism rate in most ﬁelds (Table S1), and a portion of the SCN
samples in China demonstrated reduced susceptibility to Hm
(Tables S5 and S6), which is indicative of genetic variation in
response to the parasite. It is possible that, although low genetic
diversity in the founding Hm population did not limit its establish-
ment in China, it did mitigate ﬁtness costs to varying degrees in the
SCN samples infested. However, the resistance effect in host
population, which is devastating to animals and plants, recedes
for fungal species to a certain extent because of their tough living
strategies; (2) variable reproduction systems help fungal species
with ﬂexible strategies to response to new environments. For Hm
in China, the population was more resistant to the genetic depres-
sion associated with population bottlenecks, because cloning with-
in an introduced population will reduce the frequency of
detrimental recessive alleles by natural selection. Moreover, asex-
ual reproduction enables the founding population to spread quick-
ly and this kind of population growth (population ﬂush) would
result in a rapid turnover of parasitism abilities in different sam-
ples; (3) parasitism abilities of Hm are quantitative traits which
are thought to be less affected by losses of genetic diversity; more-
over, this phenotype is determined by multiple factors, and can be
effectively selected by various host samples or environments to
different degrees in a relatively short time, while the individuals
involved in this process will show no signiﬁcant genetic change.
Considering the molecular markers employed in the present study
might not be directly relevant to the paraitization-related ability,
further studies elucidating the underlying genetic or epigenetic
origins of paraitization-related ability differences in Chinese Hm
population is now being conducted in our lab.5. Conclusions
In conclusion, Hm is an exotic species in China, however, we
cannot locate the origin sites in our experiment, and more work
need to be conducted in the future to determine the spread route
of this fungus. During the introduction to China, Hm has been
inﬂuenced by a founder effect, as evidenced by bottlneck and the
low degree of genetic diversity observed; the clonal lineage ofthe Chinese population of Hm indicates a single-step invasion of
a small number of founders. The prevalence of the Hm in different
SCN samples over a relatively large geographic area in China indi-
cates that this population has been fast spreading and generates
parasitization-related ability diversities without encountering bar-
riers to ﬁtness. Our ﬁndings demonstrate that a low genetic struc-
ture resulted from a genetic drift does not always restrict adaptive
process of an invasive fungal species. With the emerging infectious
disease caused by fungi are now recognized as a threat to world-
wide food and health security as well as more fungi being selected
as potential biological control agents, our research is inspirable and
should be carefully taken into consideration when studying other
fungal species. It will help researchers to give a more comprehen-
sive conclusion on the potential of a fungal biological control agent
or the damage of an invasive fungal species on novel environ-
ments. We also predicted that as the adaption of the Chinese Hm
to SCN continues, selection from different host samples should
drive genetic divergence in the population in the future.
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